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Abstract

“t
As-cast T1;Cr alloys prepared;using a dental cast machine with Cr contentg ranging from 5
ruP(// E ‘ . h 1,« .,l
Ha to 30 wif have—been investigated. gExpenmental results indicated that t—he—%—-@r alloys‘had
| rp’% ,yﬁ(lp
oWy different deformation behavior with various amounts of Cr cpn—t(nts The bending
thad The
strength of the Ti-20Cr alloy was abo ,%t 1.8 tlmes greater than\forL~p" T1 AT1 10Cr alloy had - f
BNN*\@/ as m 1 as prop J‘
relatively higher bending strength\&almost lg,ea’ the Ti-20Cr alloy. ThlS(‘IS beheved to be a
eil
¢ result of the strengthenmg gifect of o phase. From SEM fractographs, the Ti-10Cr alloy was

,1‘

fe&fﬁfed by coarse cleavage facets in the fracturg%smrface? together with some terrace-type
l’sﬂml"’ 1 ET /',pmmrtj
n;) nw’; o

morphology. The Ti-20Cr exhlblted ductﬂe propefﬁes b,ut Mr alloys with other

. < il o
,J::i T“)’:A - ."5“;"

comp051t10ns§ In addition, the elastic recovery capab1hty of; T1 20Cr alloy was greater than
\

that of c.p. Ti by as much as 460%. E;Qm the unetched optical m1crographs the surfaces of
L ber (oo B

2% T1 20Cr alloys were covered with large ww of slip bands?» id show;d t‘hat the deformation
of AT1—20Cr alloy was dominated byAShp ,of’ dislocationg. By judging from the results of

' “mechanical properties and deformation behavior, Ti-20Cr is considered to be the most

4 750 1L

W alloy for prosthetic dental applications if other properties necessary for dental

casting are obtained.
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1. Introduction

Titanium and titanium alloys have becomelg‘me' of the most! attractive biomaterials due to
their light weight, high biocorrosion resistance, biocompatibility and mechanical properties.
Commercially pure titanium (c.p., Ti) has also established a reputation for excellent
/wmrr &\\ L«f}/ rJ ?J?"T?',.P" B.{‘Z[Jﬂ

b1ocompat1b1hty as a dental metalaand -is-suitable for! dental prosthetlc applications [1,2,3]. 4 ””’”::\
AThere e;re' some inherent problems that must be overcome for titanium to be used successfully

in dentistry. The fact that pure titanium has a high melting temperature and high reactivity

with oxygen and impurities at elevated temperatures makes it difficult to cast [4]. In addition,

reducing the melting temperature of titaniun%élso could decrease the risk of inadquate mold.

filling and porosity development due to the considerable L_e,mpepéttﬂf’é differenoésﬂ_\bet\‘Nleen, the

molten alloy and the much cooler investment [5]. On the other hand, since the properties of

unalloyed titanium are not sultable for all purposes many tltamum alloys for dental use have

Aéy lete uommj

been developeq% and their propertles have been studled [1,6- 9] mamly to improve the strength
and castability of pure titanium.
One method of solving these problems is to use titanium alloys, which cpu}d exhibit solid
solution hardening and have lower fusion temperatures and better ductility than c.p. Ti [6] e t\,>
Titanium can also beyall}oyed with a variety of elements to alter its properties, namely,: jco -
yphend
improve strength, hig;lftemperature performance, creep resistance, weldability and formability

[1]. For a metal to be used in ;r’dental restoration, it should be biocompatible so that it does

not cause harmful tox1cologlcal or allerglc reactions to the patient. Among the various

a H
\f:‘,.’ aon

titanium alloys, Ti-6Al-4V Véledy is the most widely used because of its better physical and
mechanical properties in comparison to c¢.p. Ti [1]. However, ‘t-l-l}éfe has been a’speculation that
the release of Al and V ions from the alloy might cause some long-term health problems
[10-12]. Moreover, the low wear resistance of Ti-6Al- 4V cp;lllfd” accelerate the release of such

harmful ions [13-15]. Fhe-searches for alternatives capable of satisfactorily replacing the
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| ¥ traditionally used alloys:made titanium become a tatgef for research,@'s in prosthetic dentistry.
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In the 1980s, Ti-Cr. Klloys were reported as havmg high tensile strength and good ductility

for dental casting alloys as well as Ni-Cr and Co-Crialleys [16,17]. In our previous study [18],

[epsn
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the hardness of a series of binary Ti-Cr alloys with Cr content;f ranging from 5 to 30 Wf?/opad
’g,@ﬁ investigated. We found that the hardness of the Ti-Cr alloys became higher as the Cr
contents/ increased, and rang‘,@’d ‘:from 296 HV to 428 HV. The present s&u(«l-y is a contmua;l
| ¥ gﬁarc’:h of this alloy system, with-the focus\ on the mechanical properties and the defonnatlon

(reauwndnr®
behavior of these titanium alloys Also, the mechanical properties of the cast Ti-€Cr alloys

were investigated to Judge ;hé p,oss*’o‘rl“"til for ;he’ practical dental apphcat1ons

2. Materials and Methods

The materials used for th1s study 1nclude c.p. Ti, Ti-5Cr, Ti-10Cr, Ti-20Cr, Ti-25Cr and

spee? 2 Uy

Ti-30Cr alloys (m wﬁ%) QBased»\on the Ti-Cr phase diagram [19], the eutectoid composition is

,«L’PI_& A5
approx1mately 135 wt% The Ti-5Cr and Ti-10Cr alloys correspond to the hypoeutectoid

composmons a;nd’qu 20Cr Ti-25Cr and Ti-30Cr alloys are in the hypereutectmd composition

range. All the materials l’vl&M@»b@@H prepared from raw titanium (99.8% m&pu»m-ty), Cr (99.95%

¥y

m.px.mity)}‘ulsing a commercial arc-melting vacuum-pressure-type casting system (Castmatic,

Iwatani Corp., Japan). The ingots of approximately 20 g each were re-melted five times to

11
4
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improve ;chemical homogeneity. Prior to casting, the ingots were Jqofmelted-; géain. The
difference in pressure between the two chambers allowed the molten alloys to lnstantly drop
into a graphite mold at room temperature. In this study, the experimental alloys were
fabricatedj,;;l;sing a graphite mold instead ot:ii;lental investmerlt mold.

X-ray diffraction (XRD) for phase analysis was conducte(lﬁ:llsing a diffractometer (XRD-6000,
Shimadzu, J apan) operatéd at 30 kV and 30 mA. A'Ni-filtered CuKa radiation was used for this -

study aPhase “was 1dent1ﬁed by matching each characteristic peak with the JCPDS files.
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Three-point bending tests were performed; ﬁsing a desk-top mechanical tester (AG-IS,
Shimadzu, Japan). The bending strengths were determined;;‘ using the equation, o = 3PL/2bh?
[20], where o is the bending strength (MPa), P is the load (kg), L is the span length (mm), b is

the specimen width (mm), and h is the specimen thickness (mm). The dimensions of the

vol o)

specimens Weze'ﬂ"lL =30 mm, b = 5.0 mm and h = 1.0 mm. The modulus of elasticity in
| % Dbending i 1s calc?ﬂated from the load increment and the corresponding deflection 1ncrernent
between the two points on the straight line as far apart as posmble;;_\usmg the equation’:iE ~
L*AP /4bh’A8, where E is the modulus of elasticity in bending (Pa), AP is the load increment
as measured from preload (N), and Ad is the deflection increment at midspan as measured
from preload. The average bending strength and modulus of elast:icity in bending were taken
from at least ;75.;'tests under each condition. The elastic recovery (springback) capabili.ty for
each material was evaluated from the change in deflection angle when loading was removed.
'% Details can be found in Ho et al. [21] The fracture surface of the fraettired specimen after i
s o
bending test was cleaned by an ultra$s§mc washer. The fracture surface was observed {,uéing‘,s
scanning electron microscopy (SEM; JSM-6700F, Jeol, Tokyo, Japan). Ilr\l édditiq@,

microstructures of post-bending unetched specimens were examined ,using an optical

microscope (BH2, Olympus, Japan).

3. Results and discussion

3.1. Phase and structure

\Phase and crystal structure of C. p Ti and Ti-Cr alloys gv,asr'rshown 18 Table 1. The crystaliu

i+ EJ&&T& parentheses _l delete \
structure of the binary Ti-Cr alloy is sensitive to l;he compeostition (chromlum content) erf—-the verbosity |
f DaLE .,r -

MThe c.p. Ti was comprised entirely of a hexagonal a phase Wlth 5 wf" o Cr ,{netastable B
phase gms to be retained. When the Cr content‘ 1ncreased to 10 wﬁ% or hlgher the P phase

2% was completely retained with a bee crystalr structure. This finding is consistent with the early

& ;-

2% What 1s “bee” ?
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result of Ericsen et al [22]" 'Ijx}”/ reported that the B phase jannot bg fully retained during
1 ju ace?
quenching unless the Cr content exceeds about 6 at% (6.5 witpo). Apparently, more than

10%Cr is needed to fully retain the 8 phase in the Ti-Cr allo jrs Ll—k'e Fe, Co and Ni, Crbas '

tf f’ Ma
been recognized as an” eutectoid [-stabilizing elemema Th}s g-frre: for the present Ti-Cr

system.

(rodur

The o peak was found in the Ti-5Cr and Ti-10Cr alloys, espemally notable in Ti-10Cr alicy.
According to Sikka et al. [23], this ® phase may be defined by a hexagonal lattice. In many
investigations, the presence and volume fraction of an @ phase in alloys of titanium and
zirconium can be seen from the intensity of lines on the x-ray diffraction patterns of
polycrystals or of one of the @ phase reﬂections in photographs of single crystals [24-26]. The
presence of this athermal ® phase, thughbemg small in quantity, had an exceedingly

important effect on the mechanical properties of the alloy, as will be discussed later.

3.2. Mechanical properties

The bending strengths of ¢.p. Ti and Ti-Cr alloys are shown in Fig. 1. ANOVA test results
showed significant overall differences among bending strengths for c.p. Ti and Ti-Cr alloys (p
< 0.05). All the Ti-Cr alloys had significantly higher (p < 0.05) bending strength (1035-1484
MPa) than the c.p. Ti (844 MPa) tested. The bendmg strengths of the Ti-Cr alloys showed the
highest results in the alloy having 20“\31)3% Cr content The bending strength of the Ti-20Cr
alloy was about 1.8 times greater than for c.p. Ti. [F 1-10Cr alloy had relatively higher bending

O
stré:l;th ﬁlmost jnear the Ti-20Cr alloy. Th1s/1s believed to be a result of the strengthening
effect of,w phase. The w phase occurs in some titanium base alloys in Wthh B phase can be
retained in a metastable state [25].

The elastic modulus results are shown in Fig. 2. ANOVA test results showed significant

overall differences among bending modulus values for c.p. Ti and Ti-Cr alloys (p < 0.05). For

jan)



the Ti-Cr alloys, the elastic modulus values had a tendency to increase as the chromium
content increaeed. It is worth noting that the elastic modulus of/:'lll’i-IOCr alloy (163 GPa) was
significantly b;igh'er (p <0.05) thar%all the other Ti-Cr alloys and\.): cp Ti. This result may be
eeneemeel with the formation of the  phase during quenching. The early work of Graft et al.
[27] indicated that the © phase has an unusually high elastic modulus. On-the-other-hand,

although the bending strength seems to slightly decrease with Cr content for higher Cr alloys

[‘””’L’/ﬂ "

their moduli increased significantly. For example, whenﬁCr content\mcreased to 30 wt%, the

modulus of the alloy increased to 147 GPa. These results indicate that, at high Cr contents,
H tr S ;‘ LA ¢
', modulus is more sensitive to Cr content thanA strength. Th€ similar results had also been

discussed o1 the Ti-7.5Mo-xFe alloys [28].
A1 /f
i}\Typical bending stress-deflection profiles of the series of alloys are shown in Fig. 3. While

T1 5Cr and Ti-10Cr alloys with o phase failed in & brlttle wa'f (with an average deflection of
Dn"llr tJ
only about 2.4 and 1.8, respectively), le 20Cr alloy without @ phase did not fall even after

being deflected by 8 mm (the pre-set maximum). This @ phase-induced embrittlement has
also beeni found in other Ti alloy systemsjas early 7as,“\19_7OS, such as Ti-V [29] and Ti-Mn [3%.

Recently, Lin et al. also reported the mechanical behavio“r of the ® phase in, Ti-7.5Mo-xFe

A
alloy system [31]. It is 1nterest1ng to note that, despite the strong hardening effect of ® phase
' feommad i LW””&] '

the bending strength of&the alloy comprising the largest amount ofjm phase\(/@&vl—()@r) was

slightly lower than those containing no . ThlSAIS due to the premature, brittle fracture that
in AN ,
occurred fef; Ti-10Cr. The embrittling/weakening effect was very sensitive to the eompesiti@n,\

/99,\5’7 }M\) -or-to be exaet—%&%he Cr content of the alloy. As shown in Fig. 3, when the Cr content was
0% ‘ [spage 2]
\\JU

\ hlghEr or 10wer than 7O/w\ti%, the alloys showed brittle p]rsofgeruqe‘s In this series of alloys the
X
highest bending strength was found in the alloy around 20 Wt%Cr (1484 MPa) “ PV riod | Iy
The stress-deflection curve ofz:f; 25Cr alloy exhibited ;:stnress dee;eas&abmpﬂy at t—he L
3¢ deflection of about 2 mm. Aaldmen\the stress gradually decreased, which could be related to

|
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Azel\db;i- [ \ the crack growth. I&’ﬁd‘dﬂlﬁﬁg\gl -30Cr allo;h showed brittlg" p{:&pe;:t-y-—as»wer}l The lowest
1ol Ty

bending strength and deflection were found for the Ti-30Cr alloy. Forf(the Ti-25Cr and

Ti-30Cr alleys, the fractur%ness is believed to be the result of the inclusion of the eutectoid
[delete commas)—

con31stuents, T1Cr2 and/or leCr in the microstructure. However, the XRD failed to find these
constituents, probably due to the limited detection capability of the x-ray diffractometer. This

finding concurs Wlth those of Koike et al. [32].+ 25
] .wr, ,' ’ Pm’ 108

\ rT}he T1 2()Cr exhlblted ductile propertles bufmnﬂﬁforﬁ}ke-ymmu@th@mgmp@sm@n& in-this
stady, As indicated in the results of Koike et al. [32], increasing Cr to 19% produced the best
ductility in the alloys by tensile testing. The tensile test data for binary Ti-Cr alloys found
earlier by Okuno et al. [6] were 764 MPa (Ti-10Cr) and 970 Ml;a (Ti-20Cr); the elongation

values were 0.2% (Ti—lOCr) and 2.8% (Ti-20Cr). It is worth noting that the advantage in
1

mechanical propert1es OfATl -20Cr alloy is also demonstrated in their high elastic recovery

1) ~‘x\ ericd
/\QCTC?(:! \?V\UQ\]W

. y‘-.-wi“f"f“{.;\?\ Capablllt}z Hbgh-el—a%ﬂe»—m@@vef‘y \(sprmgback)?(capablhty of a metal is an indication of high
s al '. s f 1)

strength and low modulus and-—is essentlalA for many Ioad -bearing implant and dental

He

applications. The elastic recovery capability of§T1 20Cr alloy was greater than that of c.p. Ti

by as much as 460%.

3.3. SEM photography

Fig. 4(a)-(d) shows SEM micrographs of the fractured surfaces of the Ti-Cr specimens after
bending tesﬁ' Since Ti-20Cr alloy did not fail during ,\bending test, its micrograph was not
o e ;

J e LEL

examined. The Ti-10Cr alloy was feamp@d' by coarse cleavage facets in the fracturﬁ surface,

which are characteristic of decreased ductility, together with some terrace-type morphology.
At;lhgher magnification (Fig. 5(a)), the terrace-type morphology was more obvious is;milar to
that observed in a recent report :jf:Lm et al. [31]. The fractured structures of the Ti-25Cr alloy
“ et L\ (Fig. 4(0)3Ar;1;1;n1y cleaved grains. @H—-&h};&'&hﬁl‘-ﬁaﬂd dimple ruptures, indicative of a typical

L\l.‘f}("bc stti—



ductile fracture, were observed in the fractured structures of the Ti-25Cr alloy at a highe,
H e

i

magnification view gf\SEM fractographs (Fig. 5(b)). Also, the fracture surface showed some
dimple ruptures with some coalescence of microvoids. The fractured surface morphology of

the Ti-30Cr alloy (Fig. 4(d)) revealed completely cleaved grains. The cleavage fracture is-in

Apt

agl:eementwh the highly brittle failure of this specimen indicated by the extremely low

‘ f o
value of‘bendmg deflection (m&ghl—y—-a-beu{ 1 5 mm). As shown in Fig. 4(a), the fractures
+h
surface topography OfATl 5Cr alloy revealed cleaved grains with some coalescence of

sub-micron-sized dimples, and the cleaved grains were much smaller than that ot} Ti—lOCr or 7

Ti-30Cr alloy. The cleavage nature of the fracture seen in these fracto graphs is cons1stent W1th

a fracture deflection of 2.4 mm exhibited by this specimen, wh-reh-&ﬁe larger thanATl 10Cr (1.8

mm) and Ti-3OCr (1.5 mm) alloys.

3.4. Optical micrographs of as-bent surfaces
(Fee :
Fig. 6 compareﬂ the as-bent conveximde (tensile-stress=side) surface morphologles of the

Tress )

Ti-Cr alloys. It-can-be-seen-from these unetched optical mlcrographs/(that the surfaces of 77

Ti-5Cr, T1 20Cr and Ti-25Cr alloys were covered with large ameurrts of shp bands, especially
ie 56 I 'l._q,a

obvious for the Ti-20Cr alley. }f 1also showed that the deformanon OfATl -20Cr and Ti-25Cr

1 V |

alloys was dominated by shR Qf dislocations. !In addltlon? A‘Tl -25Cr alloy showed the cracks

,w;, ’ﬁ
along the grain boundarles On- tha@‘@t-hel‘“hﬁﬂd the surfaces OaTl 10Cr and Ti-30Cr alloys

‘57::7,’. 4", e 5") .

were not f@&nd any slip bands se it was evident that these two alloys \gerc‘ little plastic

deformation.

For a metal to be used as a clasp on removable pfosthetics, high elongation is desirable to
minimize the risk of breakage. Also, if such an alloy is accidentally stressed beyond its
proportional limit, a high elongation value will insure against fracture [33]. Alloys exhibiting

high elongation values coupled with high tensile strengths usually have good fracture
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resistance [34]. Thus, we=sheuld=mot-use brittle alloy%& for dental applications even if their

I"'

strength is sufficient. Therefore, from an engineering p(omt @f view, not onbj\a Cr content of 5,
10, 25 and 30 wit{/o sheuld be avoided, but also a uniform distribution i m Cr 1&—a¥e€-1—mpeﬂa¢m

;fef such an alloy system. When any process-induced segregation occul;?’,eﬁ, w-induced
1 f [ & 3§
embrittlement may eeewr in any local regions which happen to have a Cr concentration away

from 20 wit%.

Our study indicated that the Ti-20Cr alloy did not exh1b1t the-feature-of breaking or crackir q
the o Jeatd
durlng,q\bendmg test before tLTé deflection of 8 mm Awhwh may reduce the risk of breakage or,
T (space
¥ fracture of partial dentures in chmcal use. According-to the hterature;’ Oda et al. [35 36]

reported that an experimental cast ofATl-ZOCr alloy had the least tarmsh when immersed in an

| ¥

acidic saline solution containing fluoride or hydrogen peroxide. ;{‘Alsq‘, Takemoto et al. [37]

stated that the Ti-20Cr alloy had a greater resistance to corrosion in a fluoride-containing

1

sahne solution than did c.p. Ti due toﬁformatlon of a chromium-rich oxide film. Consequently,

b»;f Judglng from the results ofA\mechamcal propertles and deformation behavior in-this-stuey,
ﬁ T1 20Cr alloy is considered to be the most expecfn;ed alloy for prosthetic dental applications if

w;

other properties necessary for dental casting are @htam@d

4, Conclusion;'
(1) The bending strengths of all the Ti-Cr alloys (1035-1484 MPa) were significantly higher

than that of c.p. Ti (844 MPa) The bending strength of the Ti-20Cr alloy was about 1.8

that o> o By

tlmes oreater thanAferr c.p. Ti. {Tl 10Cr alloy had, relatlvely higher bending strength“’almésf

f 1 % -~

neamthe Ti-20Cr alloy. This is believed to be a result of the strengthening effect ot}t-co

phase.
(2) The elastic modulus values of the Ti-Cr alloys had a tendency to increase as the chromium

content increased. The elastic modulus of Ti-10Cr alloy (163 GPa) was significantly

10



higher than;\all the other Ti-Cr alloys and c.p. Ti. This result may be concerned-with the

formation of the @ phase during quenching Aeommas)-
5[;1\0‘\) i “ \l/

iAJ

(3) The Ti- 20Cr exhibited ductile propertles b&’é‘*ﬁﬂ{”‘f@r alloys w1th other compositions m-t.h;s

sttrdy’ The elastlc recovery capability ofaTl—ZOCr alloy was greater than that of c.p. Ti by

as much as 460%.
T «{ N

YO ¥ | | Y

(4)ASEM ths of the fractured surfaces after-bending-test showed that the Ti-10Cr
alloy was :f@&tupe; by coarse cleavage facets in the fracturq surface, mihwh—-ape
characteristic of decreased ductility, together with some terrace-type morphology.

(5) Ei:em the unetched optical micrographs, the surfaces off"h 20Cr alloys were covered with

j‘f‘hg’%’* L;vy_

large amoun-ts of shp bands“’,]zf showp;i that the deformatlon of /{Tl -20Cr alloy was

dominated byAshp ;arf dislocationg’
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Table and figure captions o
Table 1 Phase and crysta,lv":s:tructure of c.p. Ti and Ti-Cr alloys fabricated }x;-mstl;dy

Fig. 1. Bending strengths of ¢.p. Ti and Ti-Cr alloys.

Fig. 2. Bending moduli of c.p. Ti and Ti-Cr alloys.

Fig. 3. Bending stress-deflection profiles of c.p. Ti and Ti-Cr alloys.

Fig. 4. SEM fractographs of Ti-5Cr (a), Ti-10Cr (b), Ti-25Cr (c) and Ti-30Cr (d) alloys.

Fig. 5. SEM fractographs of Ti-10Cr (a), Ti-25Cr (b) alloys.

Fig. 6. Optical micrographs of as-bent surfaces of Ti-5Cr (a), Ti-10Cr (b), Ti-25Cr (c) and

Ti-30Cr (d) alloys.
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Table 1 Phase and crystal structure of c.p. Ti and Ti-Cr alloys fabricated in-this-study.

Alloy Phase Crystafétructure

c.p. Ti o ‘ hexagonal

Ti-5Cr - o/flo hexagonal / bee / hexagonal
Ti-10Cr B/ bee / hexagonal
Ti-20Cr B bee
Ti-25Cr B bee
Ti-30Cr B bee
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Fig. 1. Bending strengths of c.p. Ti and Ti-Cr alloys.
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Fig. 2. Bending moduli of c.p. Ti and Ti-Cr alloys.
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Fig. 3. Bending stress-deflection profiles of c.p. Ti and Ti-Cr alloys.
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(a) Ti-5Cr

NCHU 30kv X250 100pm  WD86mm

(c) Ti-25Cr

100 pm

3.0kv K250 100m WD 8.3nu

Fig. 4. SEM fractographs of Ti-5Cr (a), Ti-10Cr (b), Ti-25Cr (c) and Ti-30Cr (d)

alloys.

B0KV. X1000 30KV X1000  i0;mT WDB1mm

Fig. 5. SEM fractographs of Ti-10Cr (a), Ti-25Cr (b) alloys.
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6. Optical micrographs of as-bent surfaces of Ti-5Cr (@), Ti-10Cr (b), Ti-20Cr (c),

Ti-25Cr (d) and Ti-30Cr (e) alloys.
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